We have investigated the male sterility associated with a new recessive mutation of the house mouse: 6bouriffi (ebo). All spermatozoa present in the epididymis showed severe malformations, mostly of the tail. Light and electron microscopy showed a drastic decrease of the spermatid population, whereas spermatogonia and spermatocytes seemed moderately affected. This suggests that the mutation affects mostly spermiogenesis. Defects appeared during formation of the acrosome: the acrosomal granule was frequently vacuolated at stages I1-111, giving rise first to abnormal acrosomes (stages VI-VII) with dilations and perforations, and then to an abnormal head and acrosome shape (stages IX-XI). However, the most common malformations affected the flagella in elongated spermatids. Sometimes the centriole doublet did not move into the implantation fossa, causing an unattached and isolated flagellum. The major defect occurred in the midpiece region of differentiating spermatozoa: flagellar components were present but highly disorganized, and mitochondria were aggregated in a compact mass. Even though we have no evidence that the ebo gene is a testis structural gene or a regulatory gene that disrupts the complex spermatogenesis process, this mutation may provide an interesting tool for studying the late stages of spermatogenesis. Using an interspecific backcross, we localized the ebo mutation on chromosome 2, with no recombination out of 44 meioses with locus D2Mit32.
INTRODUCTION
Spermatogenesis in adult mammals continuously generates mature germ cells from spermatogonia. This biological process requires precise orchestration of stem cell proliferation, chromosomal reduction, and final morphological differentiation of spermatids into mature sperm cells. Spermatogenesis involves a precise sequence of differentiation events under hormonal control [ 1 ] and cellular interactions [2, 3] . The formation of flagellar components has been studied with use of radiolabeled precursors [4, 5] , and structural changes leading to maturation of the head shape have been described [6] . Moreover, the specific organization of mitochondria around the flagellum, forming the midpiece region of the spermatozoon, has been documented by Phillips [7] . Recently, it has been demonstrated in hamsters that this complex strucAccepted March 20, 1996 . Received October 9, 1995. 'This work was supported by the Association pour la Recherche contre le Cancer (Grant 6708) (D.S.) and the Association Fran;aise contre les Myopathies -L.G.). tural arrangement is associated with a submitochondrial reticulum (SMR) [8] .
Several abnormalities affecting this maturation process in humans have been reported [9] . In addition, several mutations of the mouse related to male sterility have been described in detail [10] [11] [12] [13] [14] and shown to have very specific features [15] . In the pink-eyed dilution mutation, for example, the developing acrosome is highly abnormal, leading to irregular spermatid heads [10] . In quaking homozygous mice, the nucleus of the spermatid is vacuolated, and Sertoli cell cytoplasm extensions seem to indent the nucleus [16] . In abnormal spermatozoon headshape mutation, the head of the spermatid is abnormally shaped, and the manchette presents several anomalies [13] . Since each of these mutations shows particular features, they provide tools for investigating individual steps in the differentiation process of spermatids and for identifying factors that control it.
We report here on a new mouse mutation that affects spermatogenesis: bouriff6 (ebo). This mutation causes structural abnormalities of the acrosome leading to abnormal head shape, isolated flagellum, and systematic disorganization of the mitochondrial sheath.
MATERIALS AND METHODS

Genetic Analysis of the Mutation
The mutation arose spontaneously in a substrain of the BALB/c inbred strain. Appropriate crosses were performed to determine the mode of inheritance. The mutation is maintained by intercrossing +/ebo mice. To genetically map the ebo mutation, males of the PWK/Pas strain, an inbred strain derived from the Mus musculus musculus species, were mated to +/ebo females to generate an interspecific F1 [17] . We also mated females of the inbred strain DBA/2JIco to +/ebo males to generate an intraspecific Fl. In both cases, F1 females were then backcrossed to +ebo males. Genomic DNA from homozygous ebolebo animals was isolated from spleen according to standard procedures and genotyped for microsatellite markers previously published [18] [19] [20] . Primers from Massachusetts Institute of Technology were purchased from Research Genetics (Huntsville, AL). All other primers were purchased from GENSET (Paris, France). Amplification conditions were 35 cycles with 1.5 mM MgC1 2 and an annealing temperature of 55°C. Polymerase chain reaction products were analyzed on 4% agarose gels (NuSieve 3:1 agarose; FMC Bioproducts, Rockland, ME) stained with ethidium bromide. Linkage analysis was performed with the program Gene-Link [21] . Loci were ordered by minimizing double recombinants. 
Sperm Cells Analysis
Twelve adult mutant ebolebo and fourteen +/ebo or +/+ male mice (5-7 wk) were examined. Body and testis weights were measured. Spermograms and spermocytograms were performed: the tail portion of the epididymis was squashed on a glass slide in PBS-BSA medium (0.1 M; pH 7.4; BSA 0.1%) [22] . Motility was evaluated by direct examination in the PBS-BSA medium. Sperm concentration was evaluated with a Thoma's hemocytometer after a 1:1 dilution in a Ringer-formaldehyde (10%) solution. A total of 220 spermatozoa from 12 homozygous ebolebo mice (5-25 per mouse) and 950 spermatozoa from 10 control mice (50-100 per mouse) were examined for morphological features after staining with Harris' hematoxylin.
For light microscopy studies, samples were fixed in Bouin's solution, dehydrated, and embedded in paraffin. Alternatively, animals were perfused with 3.5% glutaraldehyde in cacodylate buffer (0.1 M; pH 7.4). Testes were cut into small pieces and postfixed for an additional hour in the same fixative. Tissues were then rinsed overnight in cacodylate buffer (0.1 M, pH 7.4) at 4C, and stained by reduced osmium tetroxide [23] for 1 h at room temperature. Tissue blocks were then dehydrated in ethanol and embedded in epon.
Semi-thin and thin sections were obtained with an LKB (Rockville, MD) ultramicrotome. For light microscopy studies, semi-thin sections were counterstained with toluidine blue dye. Thin sections for electron microscopy were counterstained with lead citrate and observed at 60 kV with a Philips CM10 electron microscope. Paraffin sections were stained with hematoxylin and eosin.
Morphometric data (number of germ cells per tubule) were obtained with the Visilog (Noesis, Saclay, France) analogic system. Spermatocytes and round spermatids in~ an area of 10 x 10 cm were counted at stages III-V, VII, and X-XI in 10 seminiferous tubules, in 3 control and 3 ebolebo mice. Only stages III-V, VII, and X-XI were scored because of the difficulty in recognizing the other stages in ebolebo mutants.
To correlate the epididymal sperm abnormalities with testis observation, 250 heads and tails, at several stages (III-V; VII; X-XI) of spermatogenesis, were recorded in ebolebo and control mice.
RESULTS
Features of the ebo Mutation
Affected homozygous mice can be identified at a few days of age by their curly vibrissae and later by their curly hairs (hence the name, bouriff6-dishevelled). Alopecia develops progressively over the whole body after 3 mo of age. Affected progeny were smaller than their normal littermates (23.6 + 0.9 g and 28.7
1.9 g, respectively; p = 0.0001). Breeding tests indicated ebo to be an autosomal recessive mutation: crosses between +/ ebo heterozygous mice and normal mice yielded no mutant out of 50 progeny. A cross between heterozygous mice yielded 13 mutants out of 61 progeny (21.3%, expected 25%).
Six ebolebo females (5-7 wk) were mated with BALB/ c males (5-7 wk), and one ebolebo male (5-7 wk) with two BALB/c females. Vaginal plugs were counted every morning for 15 days. Seven plugs in the first mating and three in the second were recorded, but no pregnancy was detected clinically.
Genetic Mapping of the ebo Mutation
The ebo mutation was localized by using an interspecific backcross between the strain segregating for the mu- In mutant mice, if the head (h) and tail (double arrowheads) were correctly organized, the midpiece (arrow) formed a compact mass. x600. c) Loops and curved spermatozoa were numerous in ebo/ebo mice. x600. d) Some heads were abnormally shaped (arrow) and a few appeared to be isolated (double arrowheads). x600.
tation and the wild-derived inbred strain PWK/Pas. Twenty-four progeny homozygous for the mutation were typed for 64 polymorphic microsatellite markers covering approximately 93% of the mouse genome. Close linkage was found with several markers of chromosome 2 ( Fig. 1 ). An intraspecific backcross with the DBA/2JIco strain was established, and twenty progeny homozygous for the mutation were typed for the polymorphic microsatellites surrounding the ebo region previously identified ( Fig. 1) . No recombination out of 44 was found between ebo and the D2Mit32, D2Mit6, D2Mit33, D2Mit64, and D2Mit81 loci. According to these data, the ebo locus is located between loci D2Mit3 and D2Mit7.
Sterility and Sperm Cell Analysis
The ratio of testis weight to body weight was significantly reduced in ebolebo mutants, compared to control mice (2.89 + 0.25 mg/g and 3.66 ± 0.11 mg/g, respectively; p = 0.0078).
Mutant male mice showed a much reduced number of mature spermatozoa in the epididymis compared to agematched control mice (1.6 + 0.4 million/ml and 8.1 1.1 million/ml, respectively; p = 5.3 X 10-6), and their morphology was highly atypical (Fig. 2, a and b) : no normal spermatozoa out of 220 examined were found in the genital tract of the mutant male mice, compared to 384 of 950 (40.4%) in normal mice. Abnormalities were located on the head (ebo: 137 of 220 = 62.3%; control: 427 of 950 = 44.9%) and the flagellum (ebo: 217 of 220 = 98.6%; control: 253 of 950 = 26.6%), featuring a coiled tail (Fig. 2, b and c) , short tail, and atypical intermediate piece (Fig. 2d) . Motility estimated on 14 ebol ebo mutant males was 2-3% compared to an average of 50% in 12 control mice.
At the light microscopy level, the overall anatomy of the testis seemed almost normal. Blood vessels, Leydig cells, and Sertoli cells appeared histologically normal. However, the lumen of the seminiferous tubules of the ebolebo mutants appeared smaller than those of normal adult males and were sometimes even absent (Fig. 3, a  and b) . They often contained numerous empty-looking vacuoles (Fig. 3b) and degenerated cellular fragments. Germ cells located close to the tubular lumen appeared disorganized and less numerous compared to those in control mice (Fig. 3, a and b) . At higher magnification, spermatogonia and spermatocytes presented no signs of FIG. 3 . a-f) Light microscopy observations of control adult testis (a, c, e) and of ebo/ebo adult testis (b, d, f). a) In control animals, stages of seminiferous epithelium can be recognized: stage VI (VI) and X (X). x105. b) In mutant mice, most tubules had no lumen (asterisk) and frequently contained small vacuoles (arrow). x105. c) At stages 11-111 (11-IlI), spermatogonia (spg), spermatocytes (spc), and two generations of spermatids (spt, and spt 2 ) filled tubule. x680. d) Stage II-III in mutant mice: all germ cells types were present, but the spermatid layer was smaller and disorganized. A few spermatids presented signs of degeneration (asterisk). x680. e) At stage X (X), only one generation of elongated spermatids (spt) was present in the seminiferous epithelium. In the basal region of the tubule, some dividing spermatogonia were visible (arrow). x680. f) Stage X in mutant mice: the seminiferous epithelium contained numerous vacuoles (asterisks) that corresponded to degenerating germ cells. x680. malformation (Fig. 3, c and d) , but the spermatocyte population showed a slight, but significant, reduction. The round spermatid population presented a drastic decrease (Table 1) . Late elongated spermatids were less numerous than in control mice, and heads showed irregular shape and were frequently bent. Some degenerating germ cells appeared throughout the epithelium.
At stages II-III, spermatogonia and spermatocytes appeared quite normal, but only a few young spermatids were present, and only a few late elongated spermatids were located near the lumen of the seminiferous tubules or inserted deeply in the epithelium (Fig. 3, c and d) . Moreover, old spermatids, at various stages of spermatogenesis, could be intermingled in the same stage. In semi-thin epon cross sections stained with toluidine blue dye, the reduction in the number of old spermatids was very noticeable (not shown). Numerous degenerating germ cells were inserted in the epithelium of the ebo/ebo mutant. At later stages of spermatogenesis (IX-X), the seminiferous epithelium in ebolebo mice was frequently disorganized (Fig. 3, e and f) . Spermatogonia and spermatocytes were still present, but early elongated spermatids were less numerous and frequently coupled with older spermatids (Table 1 ; Fig.  3f ). In paraffin as in semi-thin epon sections, heads of elongated spermatids at stage X often appeared irregularly shaped (Fig. 3, d and f), compared to those of controls (Fig. 3, c and e). Large degenerating cytoplasmic fragments as well as vacuolar elements, probably corresponding to degenerating germ cells, were noticed in the epithelium (not shown). Chromatin condensation and the nucleolar aspect did not appear to be modified in mutant mice.
Electron microscopy showed that only the spermatid layer was severely modified by the mutation. Spermatids at various stages of maturation frequently filled the same sections of tubule, confirming the LM observations. Two major defects appeared during spermiogenesis, corresponding to sperm malformations affecting the head and tail.
Head Abnormalities
In round spermatids at stage II-III (Golgi phase), only the formation of the acrosomal granules showed signs of modifications. If the Golgi apparatus appeared normal, the developing acrosomal granules, inserted in an invagination of the nucleus, were frequently vacuolated (Fig. 4a) . At later stages (stages VI-VII; cap phase), perforations of the acrosome were still present and were numerous in some young spermatids (Fig. 4b) . These cells presented frequent signs of degeneration (i.e., paucity of cell organelles). Moreover, enlargement or focal dilation of the acrosome was also frequently observed (early spermatids of stage VII), located mostly at one end (Fig. 4c) . These small dilations were often associated with small spines of the acrosome orienting towards the cytoplasm. The Golgi apparatus consistently appeared as a stack of saccules (Fig. 4c) . At stages IX-XI, elongating spermatids (steps 9-11) frequently exhibited abnormal acrosome and nuclear shapes.
In some sections, the acrosome was split (Fig. 4d) , and the subacrosomal space was enlarged. Invagination of some small portions of the cytoplasm in the nucleus was also observed (Fig. 4e) . Various types of head shape abnormalities were also observed, including bulbous anterior heads (Fig. 4e) and elongated, distorted, and crooked head shapes. One of the head shape defects was the indentation of the caudal nucleus by the microtubular manchette. The majority of the microtubule manchettes observed were normal (Fig. 4, d and e, Fig. 5b) ; however, very abnormal head shapes were often associated with moderately disorganized manchettes.
During the maturation phase (stages VI-VII), head abnormalities of late spermatids were quite obvious (Fig. 4f) . Enlargement of the subacrosomal space and interruptions of the acrosome were observed. A continuous range of head morphology was found, ranking from nearly normal to severe head misshaping, with severe bending of the head being the most common defect (Fig. 4f) . In some sections, degenerating abnormal heads were phagocytosed by Sertoli cells.
Tail Malformations
Flagellar development was completely normal from stages I to VI in young spermatids. The pair of centrioles was always present in these cell types, and the process of elongation of the distal one was normal. At stage VII, when centrioles move into the implantation fossa, at the caudal pole of the nucleus, the nuclear fossa was frequently lo- . Only a few cell organelles were present in the spermatid cytoplasm. N, nucleus. x16 000. b) At stage X-XI, the centrioles (Ce) of the elongated spermatid appeared at some distance from the implantation fossa (asterisk). Numerous periaxonemal vesicles (arrow) were present close to the flagellum. The manchette microtubule seemed normal. x16 000. c) Tail midpiece of a late spermatid at stage VII. Mitochondria (M) were disorganized (arrows) around flagellum (FI). The Outer dense fibers (double arrowheads) were also disorganized. A nearly normal head was visible. x22 000. d) Late spermatid from a control mouse. At stage VII, the midpiece of the flagellum was composed of a helicoidal arrangement of mitochondria (arrows) surrounding axonemal components. x 10 000. e) Cross section of the midpiece region of a stage VII late spermatid. Each section of the midpiece was composed of disorganized mitochondria surrounding abnormal axonemal elements underlined by outer dense fibers (arrows). A section of a normal flagellum was present (arrowhead). x 19 000. f) At high magnification, the disorganization of axonemal components in the midpiece region was obvious (arrow). M, mitochondria. Double arrowheads, outer dense fibers. x46 000.
cated close to one end of the acrosome (Fig. 5a) , and in some sections, the growing flagellum was not located in the implantation fossa, an abnormality that was seen in other stages of spermatogenesis, mostly during the elongation phase (Fig. 5b) . Such abnormality gave rise further to a single and isolated flagellum, as was also observed in control animals with a lower frequency. However, these flagella were still isolated by the spermatid plasma membrane, and numerous periaxonemal vesicles were also present in the small portion of the cytoplasm (Fig. 5b) .
The prominent abnormality of the ebo mutation was the disorganization of the mitochondrial sheath when mitochondria moved to form the midpiece region (maturation phase). If some mitochondria formed the typical helicoidal arrangement around the growing flagellum, most of them clustered into a compact mass (Fig. 5, c and d) . The clustering of mitochondria in ebolebo male mice was not always visible, but the disorganization of mitochondria around flagellar components was obvious (Fig. 5, e and f) . At the level of the midpiece flagellum, the fibrous sheath and the outer dense fibers were abnormally arranged, and microtubule doublets were often displaced and segregated in two distinct areas (Fig. 5, e and f) . In the lumen of the seminiferous tubules, numerous cross sections of the tail at a distance from the midpiece were observed and appeared to be normally organized (Fig. 5e ). However, due to the plane of the section, it was not possible to determine whether a defect found in one area of the tail extended over the entire length of the structure.
In a few instances, several sections of the same coiled tail could be observed in the same plane (Fig. 5e ). In the cytoplasmic droplet surrounding the flagellum, it was common to encounter clusters of ectopic outer dense fiber-like structures (data not shown).
In the seminiferous epithelium of control mice, about 1% of round spermatids presented abnormal location of the implantation fossa, close to the acrosome, and less than 1% of the mitochondrial sheaths of late spermatids were disorganized. In mutant mice these values were dramatically increased. Seventy percent of mitochondrial sheaths were disorganized; however, 93% of flagellum principal pieces had a normal morphology (Fig. 5e) . At stage VII, 5% of the round spermatids possessed an implantation fossa close to the acrosome and about 10% had an isolated growing flagellum.
DISCUSSION
Genetics
The ebo mutation was mapped on chromosome 2, approximately 15 cM from the centromere [24] . Other mutant genes affecting hair texture (Ragged, Ra [25] ; rough, ro [26] ; tightskin, Tsk [27] ; and wellhaarig, we [28] ) or male sterility (blind sterile, bs [29] and Strong's luxoid, Ist [30] ) have been mapped on this chromosome. However, none of these mutations had both features, and they all map more distally than ebo [24] . Another mutation, oligotriche (olt) , not yet mapped, presents hair and sterility features [31] , but shows very different morphological abnormalities (unpublished data). Thus none of these other mutations is likely to be allelic with ebo, and ebo therefore represents a new mutation.
The map location places ebo within the segment of mouse Chr 2 known to be syntenic with human 9q32-34 [24] , where no sterility syndrome has been localized so far.
Sterility Analysis
Because of our focus on spermatogenesis, only the origin of sterility in males was investigated. Spermogram, spermocytogram, and morphological analysis revealed that the main feature of the ebo mutation is the abnormalities of the tail of the flagellum and mostly the disorganization of the mitochondria of the midpiece.
Previous studies in adult [32] and prepubertal animals [33, 34] have indicated that final maturation of male gametes is a very delicate process that can easily be disturbed. It was also shown in Drosophila melanogaster [35] that specific genes participate in this maturation, some of which are involved in the positioning of organelles. The multiple malformations affecting elongating spermatids seem to indicate that the ebo gene product is a structural protein. In ebolebo mice, more than one proacrosomal granule can be associated with the Golgi apparatus. This abnormality could be due to improper packaging and migration of the trans-Golgi saccules. It has been shown that the Golgi apparatus is in close association with the cytoskeleton [36, 37] and that the migration of secretory granules is due to their association with microtubules [38] . The recent work of Peterson et al. [39] , who have followed the sequence of events of the developing sperm acrosome, has demonstrated the key role played by the cytoskeleton in this process. Moreover, it is well known that manchette microtubules play a key role in the head shaping: their specific involvement was well demonstrated in the abnormal spermatozoon head shape (azh) mutation [13] ; however, it was also proposed that other factors can induce such head abnormalities [4, 40] . In the ebo mutation, the association of head misshaping and abnormal acrosomal maturation and organization suggests the involvement of the cytoskeleton. During spermiogenesis, mitochondria migrate to the flagellum and surround the structural elements of the midpiece in a regular helical pattern [7] . The major defect in ebolebo mice was mitochondrial disorganization in the midpiece region of differentiating spermatozoa. A similar defect has been observed at a low level in normal adult mice [41] , in t haplotypes [42] , and in the pink-eyed sterile mutation [43] . However, this flagellar malformation is always associated with other severe structural defects. In ebolebo mice, the clear disorganization of mitochondria is the prominent feature and might result from local disruption of the cytoskeleton. Thus, the multiple malformations suggest that organelles have a complex pattern of interaction during sperm cell differentiation. Olson and Winfrey [8] , studying mitochondria-cytoskeleton interactions in the sperm midpiece in the hamster, have described an organized network of electron-dense material, termed submitochondrial reticulum, or SMR. These structures have also been identified in the acrosomal and postacrosomal region. Since these structures are involved in the correct positioning of organelles, mostly mitochondria, it is possible that they are affected by the ebo mutation. Bedford and Calvin have reported that intermolecular -S-S-cross-links stabilize the components of the flagellum, mostly during epididymal maturation [44, 45] . However, we did not observed any normal spermatid in the epididymis, where this stabilization by disulfide bonds is predominant. It therefore seems unlikely that the mutation has a direct effect on this process.
Further studies are now necessary to determine the mechanism by which the ebo gene is implied in the spermatid elongation process and in alopecia. Recently, we have reported that specific enzymes are expressed only during late stages of spermatogenesis [46] . Because the number of genes known to be expressed during spermatogenesis or spermiogenesis in a stage-specific manner is growing rapidly, a classification of these genes into three groups has been proposed [47] : 1) exclusive expression during spermatogenesis, 2) testis-specific expression of an isozyme, and 3) expression of somatic genes with increasing levels in the testis. The ebo gene probably belongs to this third group, due to the strong defect in testis but also in hair. It appears that sterility could be mostly the result of abnormalities of the cytoskeletal components at a late stage of maturation of spermatids, such as the kinesin motor. No gene related to the cytoskeleton or with testis-specific or testis-enhanced expression has been localized in the region of Chr 2 where the ebo mutation maps. The ebo mutation, together with others, will provide tools to investigate specific steps of spermatogenesis and identify genes involved in this differentiation process.
